We have characterized the strength of the interfacial Dyzaloshinskii-Moriya interaction (DMI) in ultrathin perpendicularly magnetized CoFeB/MgO films, grown on different underlayers of W, TaN, and Hf, using two experimental methods. First, we determined the effective DMI field from measurements of field-driven domain wall motion in the creep regime, where applied in-plane magnetic fields induce an anisotropy in the wall propagation that is correlated with the DMI strength. Second, Brillouin light spectroscopy was employed to quantify the frequency non-reciprocity of spin waves in the CoFeB layers, which yielded an independent measurement of the DMI. By combining these results, we show that DMI estimates from the different techniques only yield qualitative agreement, which suggests that open questions remain on the underlying models used to interpret these results.
I. INTRODUCTION
Magnetic order in ultrathin films is largely driven by surface and interface effects that can lead to the appearance of new energy terms which are not present in the bulk. A wellknown example is perpendicular magnetic anisotropy, which describes an easy anisotropy axis that appears perpendicular to the film plane in ultrathin films and multilayers. This phenomenon is induced by interface-driven changes to the orbitals in the ferromagnet and is important for current magnetic storage technologies because higher bit-densities can be achieved with perpendicular media. A more recent example of present interest concerns chiral interactions of the Dzyaloshinskii-Moriya form, which appear in similar ultrathin films in contact with a normal metal possessing large spin-orbit coupling. Despite its prediction over two decades ago [1, 2] , compelling experimental evidence of its importance in ultrathin film systems has only been obtained during the past few years. For example, it has been shown that this interfacial Dzyaloshinskii-Moriya interaction (DMI) leads to spin spirals in Mn monolayers on W(110) [3] , nanoscale skyrmion lattices in Fe monolayers on Ir(111) [4] , and isolated skyrmions in Pd/Fe bilayers on Ir (111) [5] .
While the DMI strength in such epitaxially-grown monolayer systems correlates well with predictions from ab initio calculations [4] , the situation for polycrystalline films grown by sputtering is not as clear. Recent experiments have shown that the interfacial DMI can be sufficiently large to promote chiral spin states in systems based on Pt/Co, where room temperature skyrmions have been reported in Pt/Co/Ir multilayers [6] , Pt/Co/MgO films [7] and in Pt/Co/Ta [8] films, and homochiral Néel walls have been observed in Pt/Co/AlOx [9, 10] . The results appear to be consistent with measurements of the frequency non-reciprocity of spin wave propagation with Brillouin light spectroscopy [11] and predictions from electronic structure calculations [12] . However, for ferromagnetic alloys such as CoFe or CoFeB, consensus is yet to be reached on the strength of possible induced chiral interactions at ferromagnet/heavy metal interfaces. Indeed, experiments have shown that chiral magnetic bubbles can be nucleated in Ta/CoFeB/TaOx [13] , yet other studies on the similar Ta/CoFeB/MgO system using single spin magnetometry have shown no evidence of any chiral interaction present [9] .
In this article, we seek to clarify the issue of the DMI strength in perpendicularly magnetized CoFeB/MgO films deposited on different heavy-metal underlayers, namely Hf, TaN, and W. In previous work, current-driven domain wall motion under applied magnetic fields was used to estimate the DMI strength for different thicknesses of these underlayers [14] . Here, we revisit this problem by employing techniques that do not rely on current-dependent spin torques, which possess different components (adiabatic, non-adiabatic, spin-Hall-like and Rashba-like fields) and whose collective effect on the motion of domain walls remains unclear. Instead, we employ two techniques to probe the DzyaloshinskiiMoriya energy without strong assumptions on the dynamics. First, we use field-driven domain wall motion in the creep regime in which wall velocities are governed by a power law, where the dominant term arises from changes in the domain wall (elastic energy) due to the DMI [15, 16] . Second, we use Brillouin light spectroscopy to measure the non-reciprocal propagation of spin waves in the Damon-Eshbach geometry, where it has been shown that the frequency non-reciprocity is a direct measure of the DMI constant [11, 17, 18] . Both methods have been employed on the same multilayer films. While qualitative agreement is found for most cases, numerical estimates of the DMI strength for a given underlayer can differ considerably, which suggests inconsistencies remain in the underlying assumptions used to interpret these data. This article is organized as follows. In Section II, we describe the sample structure and deposition methods. In Section III, we present results from field driven domain wall motion in the creep regime, which was characterized using Kerr effect microscopy. In Section IV, we present results from Brillouin light spectroscopy measurements in which frequency nonreciprocity is probed for spin waves in the DamonEshbach geometry. An analysis of the DMI strength obtained using the two methods is presented in Section V and some concluding remarks are given in Section VI.
II. SAMPLES
Our multilayers were grown by sputtering and have the following nominal structure: Si/SiO 2 /X(t)/Co 20 Fe 60 B 20 (1)/MgO(2)/Ta (1) , where figures in parentheses denote the film thicknesses in nanometers. They were annealed in vacuum at 300
• C for 1 hour. We consider in this study four different underlayers X: W (2 nm), W(3 nm), TaN (1 nm) and Hf (1 nm). The structural properties of the samples with metallic buffers were studied in [19] . High resolution transmission electron microscopy showed that W, Ta and Hf underlayers were amorphous in the thickness range investigated here. Larger thicknesses -i.e. 2 nm for Hf, and 3 to 5 for W-were required to obtain crystalline transitions within the underlayer. The TaN buffers are also essentially amorphous [14] , while lattice fringes in MgO layers indicate a textured crystalline character that is partially replicated in the CoFeB layer [19] .
III. DOMAIN WALL MOTION IN THE CREEP REGIME
Domain wall motion in our ultrathin CoFeB layers was studied with a magneto-optical polar Kerr effect microscope with vector field capability. To determine the domain wall velocity, we first nucleated an approximately circular domain at the center of the field of view of the microscope. We then applied pulses of the perpendicular magnetic field, down to 15 µs in duration, and determined the distance travelled by the domain walls for both domain expansion and compression of the nucleated domain. The velocity was then estimated by dividing the total distance traveled by the domain wall during the duration of the field pulse [20] . These experiments were conducted in the presence of an additional static in-plane applied field, which was varied between -150 and 150 mT. An example of such measurements is given in Fig. 1 . We paid particular attention to the placement of the sample with respect to the electromagnets in order to minimize artifacts due to crosstalk between in-plane and perpendicular field. This involved a specific procedure to precisely align the electromagnet in the sample plane which consisted in examining domain expansion for both polarities of the nucleated domain and applied in-plane fields.
For perpendicular fields well below the depinning threshold, the wall motion in ultrathin PMA films is described by the creep model. In this regime, the wall dynamics can be linked to the motion of a one-dimensional elastic string in a two dimensional disordered potential, where motion is driven by thermal activation and involves a series of avalanches. It is well established that the dependence of the wall velocity, v, on the applied perpendicular field, H z , in this regime can be described by the following Arrhenius-type relation [21] ,
where v 0 is a velocity prefactor and α is a function of H z that depends on the wall (elastic energy), the pinning potential, and the thermal energy k B T . A plot of the measured domain wall velocity for the different underlayers is given in Fig. 2 . By , it is easy to identify the range of fields over which the wall motion remains in the creep regime. For the TaN underlayer, we observe a deviation from the creep behavior at higher applied fields where a change in the linear variation in Fig. 2 can be seen, but for all other samples the motion remains in the creep regime for the range of applied fields considered. For the W underlayers, we note that the underlayer thickness plays an important role on the wall velocity (for the same nominal CoFeB film), where a clear difference in the slope of the velocity curves can be seen. This suggests that the domain wall pinning potential in the two multilayer stacks is different, which might arise from a difference in film morphology
To investigate the presence of a Dzyaloshinskii-Moriya interaction, we measured the wall motion in the presence of a finite in-plane magnetic field. As previous studies have shown [15, 16, [22] [23] [24] , an in-plane magnetic field can break the cylindrical symmetry of the domain wall energy, which is key to revealing the presence of a chiral interaction that prefers a given handedness for the domain wall. This asymmetry can be seen in the domain expansion in Fig. 1 , particularly for the W underlayers [ Fig. 1 and Hf (not shown) underlayers, this asymmetry along the applied field direction is less pronounced but other features, such as an elliptical shaped bubble, are seen instead. In order to quantify this asymmetry, we plot in Fig. 3 the domain wall velocity as a function of the in-plane applied field H x at constant H z , where the velocity along the field axis, v x , and perpendicular to the field axis, v y , for the different underlayers is shown. For each sample, a different perpendicular field H z was used to keep the wall velocities within a similar range to facilitate comparison. For the range of in-plane fields studied, the V y (H x ) curve is found to be symmetric with respect to H x = 0 for all underlayers, although the curvature of the apex of the 'V'-shaped curve is found to vary with the underlayer. For instance, the variation is found to be sharp for the TaN underlayer [ Fig. 3(c) ], while the transition is smoother for both W thicknesses [ Fig. 3  (a)-(b) ]. The curves have been obtained from domain expansion for both up and down domains. We also note that the bubble growth has a strong asymmetric character in the direction parallel to the in-plane field axis [ Fig. 3(a) ], which leads to difficulties in defining accurately the wall velocity in the direction perpendicular to the in-plane field axis (v y ). Our convention is to define it from the vertical distance between the two points where the DW is parallel to the in-plane field [see arrow in Fig. 1(a) ].
For wall motion along the field axis, on the other hand, the v x (H x ) curves exhibit a deformed 'V'-shaped curve and are displaced along the field axis. The magnitude of this displacement differs for each underlayer. We determined the value of the applied in-plane field that results in a minimum in the DW velocity for each underlayer, which is denoted as H offset in Table I. We find that the measured offset fields have the same sign for all underlayers (W, Hf and TaN), where the shift is towards negative values of the in-plane field. This asymmetry can be understood as follows. The in-plane field favors a certain orientation of the magnetization within the domain wall. If an "up" bubble domain is nucleated (i.e., M z > 0 within the nucleated bubble), then a positive in-plane field H x > 0 favors a right-handed domain wall on the right side of the bubble, while a left-handed domain wall is favored on the left side of the bubble when viewed from above. In the absence of a chiral interaction, both handedness are degenerate and a circular expansion is expected. However, the presence of a DMI breaks this symmetry by favoring one handedness over the other, which means that the wall energies associated with motion parallel and antiparallel to the applied field are no longer equivalent. The minimum in the velocity curve coincides with the applied field that compensates the internal chiral DMI field, which therefore allows its magnitude to be estimated. Similarly, motion perpendicular to the applied field axis remains symmetric with respect to the applied field because the wall energies remain degenerate along this direction. We will revisit this analysis in more detail in Sec. V.
IV. BRILLOUIN LIGHT SPECTROSCOPY
In addition to domain wall motion, we have also characterized the DMI using Brillouin light scattering (BLS) measurements on the same multilayer films. In contrast to domain wall creep, where the domain wall energy is the quantity affected by the DMI, the BLS measurements probe propagating spin waves in the ultrathin CoFeB film where the DMI manifests itself as a propagation nonreciprocity for the spin waves, i.e., for a given wavelength, the two spin waves propagating in opposite directions have different frequencies when the static magnetization is in-plane and the wave vector is perpendicular to the static magnetization. For the interfacial form of the DMI present in ultrathin ferromagnets in contact with a heavy metal underlayer, spin wave propagation remains reciprocal in the absence of any in-plane applied fields in the uniform state, far from boundary edges [25] . However, when the magnetization is tilted away from its equilibrium orientation along the easy axis (perpendicular to the film plane) by an applied field, a nonreciprocity appears for spin wave propagating perpendicular to the magnetization direction. When the magnetization is saturated in the film plane by the applied field, the geometry corresponds to the Damon-Eshbach geometry for in-plane magnetized films in which magnetostatic surface spin waves exhibit nonreciprocal propagation in the direction perpendicular to the magnetization. For our CoFeB layers, we argue that the nonreciprocity is driven primarily by the presence of the DMI rather than dipolar effects [17] .
In our BLS experiment, we applied in-plane magnetic fields that were sufficiently large to saturate the magnetization in the film plane. We employed the backscattering geometry and a 2×3 pass Fabry-Perot interferometer to investigate propagat- ing spin waves in the Damon-Eshbach geometry for different values of the incident wave vector, by measuring the frequency shifts of the inelastically scattered light with respect to the frequency of the incident laser beam with a wavelength of λ = 532 nm. For each wave vector, the spectra were obtained after accumulating photons for a few hours in order to determine the scattered line position to an accuracy better than 0.1 GHz. The Stokes (S) and anti-Stokes (AS) frequencies were then determined from Lorentzian fits to the BLS spectra in order to obtain the desired frequency difference, ∆ f = f S − f AS . In the following, as we refer to the properties of the SW, f S denotes the absolute value of the Stokes frequency, and wave vectors along that of the photons are assumed to be positive.
In Fig. 4 , we present results from our BLS measurements for the four different underlayers studied. We observe a linear variation of the frequency nonreciprocity, ∆ f , with wave vector, for all the studied underlayers. The slopes obtained from a linear fit of this variation are summarized in Table I . The shifts are similar in magnitude for the two thicknesses of W and for TaN, while the nonreciprocity is approximately half as strong for the CoFeB film on Hf. We note that the nominal thickness for all the CoFeB layers studied is 1 nm, which allows us to exclude contributions from surface anisotropy [26] as the dominant mechanism for the nonreciprocity observed. Indeed, magnetostatic surface spin waves, which appear in thicker ferromagnetic films, can exhibit a frequency nonreciprocity even in the absence of a chiral interaction because they are localized to the film surfaces and probe different surfaces depending on their direction of propagation (e.g., left propagating waves are localized to the top surface while right propagation waves are localized to the bottom surface). In this way, a difference in surface anisotropies at the top and bottom film surfaces can induce a frequency nonreciprocity, but such effects should be negligible in the ultrathin films since k sw t 1, where t is the ferromagnetic film thickness. Moreover, the nonreciprocities observed are larger than what might be expected from a difference in surface anisotropies alone [26] .
V. DISCUSSION
In this section, we discuss and contrast the estimates of the DMI obtained using the two experimental methods employed. We first begin by discussing results from the BLS experiment. As we mentioned above, the interfacial DMI results in a frequency nonreciprocity in PMA materials when the equilibrium magnetization is tilted away from the film normal [17] . Advantage has already been taken of this behavior in different ultrathin film systems, where the amplitude and sign of the DMI constant, D has been deduced from the measured frequency nonreciprocity [11, 18, 27] . This nonreciprocity is characterized by the difference in frequency between the Stokes and anti-Stokes peaks, which depends on D through the relationship [18] 
where γ is the gyromagnetic constant and M s is the saturation magnetization. From the slope of the ∆ f (k SW ) curve, we can therefore have a direct estimate of D by assuming the bulk value of γ and by using the values of M s obtained elsewhere [14] . The estimated values of D from BLS measurements, D BLS , are reported in Table I . For all samples studied, we found that the Stokes frequencies are larger than the antiStokes frequencies, which indicates a positive DMI constant D > 0 that favors a right-handed chirality [11] . Let us now turn our attention to our results of domain wall displacement in the creep regime. In PMA films, the wall motion at low fields in a disordered material is described by the creep model, in which the wall moves by series of thermallyactivated correlated jump between successive pinning centers [21, 28] . The wall motion in this regime results from a competition between the disorder energy and the elastic energy associated with the domain wall, where the former favors a roughening of the wall by adapting to spatial profile of defects in the sample, while the latter favors a straight wall by minimizing the total length of the domain wall. In the present case, the wall energy is further modified by two additional competing energies: the Dzyaloshinskii-Moriya interaction, which favors a particular chirality of the domain wall, and the Zeeman energy associated with the in-plane applied-field, which can favor a different chirality depending on its orientation. To account for these additional terms, it has been proposed that the creep model can be modified by including a field-dependent wall energy σ(H x ) [15] ,
Here, the domain wall energy plays the role of an elastic energy and it can be estimated from the one-dimensional domain wall model [21, 28] , which can be modified to include the Zeeman and DMI terms [15] . This model predicts that any applied in-plane field will only modify the velocity through changes in the wall energy, σ(H x ). In the one-dimensional picture of domain wall motion, the DMI influences the domain wall motion as an effective magnetic field,
where λ is the domain wall width parameter √ A/K eff , A being the exchange constant, and K eff the effective perpendicular anisotropy constant that takes into account the demagnetizing fields. This DMI field appears as an offset for the DW energy when we apply an in-plane field. With a non-zero DMI we expect a chiral magnetic Néel wall [29] . Since the domain wall velocity is directly linked to the domain wall energy σ in the creep regime, one may expect that H DMI also plays a role as an offset for the velocity curves shown in Fig. 3 . We have verified using micromagnetic simulations [30] that the maximum in the domain wall energy is indeed obtained for the DMI effective field (at least within a one-dimensional approximation for the domain wall). We have also used these simulations to determine the critical value D = D c at which the equilibrium domain wall profile is a homochiral Néel wall, assuming an exchange stiffness of A = 22.5 pJ/m [31] . This transition is governed by the cost in dipolar energy that must be overcome by the DMI to transform a Bloch-type wall, which possess no volume magnetic charges, to a Néel type. The D c values are given in Table I for the different systems as a point of comparison.
By equating the offset fields, µ 0 H offset (Table I) , measured from the global minimum of the the v x (H x ) curves, to the DMI effective field defined in Eq. 4, we obtain an estimate of the DMI constant D from the domain wall measurements, which are reported in Table I as D creep . These values are consistent with the behavior of the v y (H x ) curves (black curves in Fig. 3 ). Since DMI interaction tends to align the magnetization of the DW core in the Néel configuration, when if an in-plane field is applied parallel to a DW, favoring a Bloch wall, the magnetization in the DW core will converge faster to a Bloch configuration if the DMI is small. In terms of velocity, the stronger the DMI is, the softer the rounding of the V-shaped curve.
From Table I , we can draw the striking conclusion that the agreement between the values of D obtained by domain wall It should be noted that the velocity curves for these two cases exhibit features that are not accounted for in the creep model, such as the local minimum located at µ 0 H x = −55 ± 10 mT for the Hf underlayer.
One possible explanation of this discrepancy relates to the domain wall dynamics in the creep regime. This is neglected in usual treatments where focus is on the domain wall and pinning energies, which appear in the exponential factor in Eq. 1. The dynamics is partly captured in the velocity prefactor, v 0 , which has been shown to exhibit a nontrivial variation as a function of applied in-plane fields [23] . Another related aspect of the dynamics involves the Gilbert damping of the domain wall. In Table I , we have included estimates of the Gilbert damping constant α that have been determined from vectornetwork-analyzer ferromagnetic resonance measurements on the films studied. Indeed, one can observe a clear correlation between the level of quantitative agreement between the BLS and domain wall creep measurements for D, which is very good for the largest value of α (W, 2 nm) and very poor for the smallest value of α (TaN). This trend strongly suggests that dynamical processes in weakly damped systems can give rise to behavior that is not captured by the simple creep model in which the in-plane applied field and DMI only act on the wall energy. A manifestation of such dynamical processes can be seen directly in Fig. 1 , where the weakly damped systems (TaN and Hf) exhibit dendritic domain growth that is absent in the more strongly damped systems (W, 2 and 3 nm). We hypothesize that this is related to roughening of domain walls during motion in PMA films with low damping, which has been observed previously in different studies [31, 32] . We note that the effective damping parameter experienced by the domain wall may differ from the value obtained by ferromagnetic resonance [33] , but the overall trend should persist since the differences due to nonlocal damping are inversely proportional to the domain wall width [34] , which is similar for the different underlayers studied.
Another possible explanation is that Brillouin light scattering and measurements of domain wall creep probe two very different processes in magnetic systems. In BLS, thermallypopulated long wavelength spin waves (with wavelengths larger than 270 nm) are probed over areas of 100 µm, which corresponds to the typical laser spot size used. As such, estimates of the DMI obtained reflect its strength averaged out over these distances. On the other hand, domain wall creep involves probing the competition between the (elastic) wall energy and local pinning potentials, which concern length scales of the order of the domain wall width [21] , i.e., about 10-20 nm in our films. Moreover, creep motion necessarily involves thermally-activated jumps or avalanches between pinning sites, and it is possible that the DMI is systematically reduced at these sites by virtue of their existence. In other words, if we suppose that domain wall pinning systematically involves some combination of interface roughness, grain boundaries, and non-magnetic substitutional disorder in the ferromagnetic film -regions in which the DMI is reduced because the spin-orbit-mediated coupling through the heavy metal underlayer is diminished -then it follows that creep motion only involves local regions of weak DMI. This idea appears to be corroborated by recent experiments involving steady-state domain wall motion over larger distances (as attained in the flow regime of propagation), which provide estimates of the DMI strength that show better agreement with values obtained by BLS [14, 24] . It is also consistent with recent studies using scanning-NV magnetometry, which have revealed that spatial variations in the domain wall structure (i.e., the degree to which a wall is Bloch-or Néel-like) can occur [35] . This is likely due to a local variation in magnetic parameters that can lead to the discrepancy discussed here.
Finally, the DMI for the W samples estimated using the BLS and creep measurements quantitatively agrees with the that obtained from current driven DW velocity measurements [14] . All measurements return the same sign of DMI for the TaN samples but not for the Hf samples. It should be noted that the Hf thickness, and as a consequence, the structure of Hf [19] , is different from samples used in the current induced DW velocity measurements [14] . The Hf is thin and predominantly amorphous for the samples studied here whereas it is thicker and forms hcp structure for the samples used to evaluate DMI using the DW velocity measurements [14] . As a consequence the structure of the Hf may play a role in defining the sign and amplitude of the DMI.
VI. CONCLUSION
We have performed a detailed study, by boh DW dynamics under in-plane and out-of-plane magnetic field together with BLS measurement, of the influence of W, TaN or Hf on the induced interfacial DMI in CoFeB/MgO samples. BLS measurements indicate that for all the samples DMI is large enough to favor full Néel wall with a right handedness, in contrast to previous findings [14] . These conclusions are not in quantitative agreement with those inferred from creep domain wall motion measurements. Qualitative agreement is obtained on the sign of the DMI constant, hence on the chirality of the magnetic textures in the samples. With regard to the amplitude of DMI, creep domain wall measurements show that the strength varies with the thickness of the underlayer while being larger than the critical value to have full Néel domain walls. In the case of Hf, and TaN samples, with a lower damping than the W samples, the DMI value is much smaller than the values obtained by BLS while velocity dependence on the in-plane magnetic field exhibit asymmetries and local minima that calls for a more robust description of the in plane magnetic fields and DMI in the creep regime. Discrepancies between the two methods show also that taking into account spatial inhomogeneities of the DMI might be a key to explain the experimental observations quantitatively.
